ABSTRACT
INTRODUCTION
Ambient intelligence (AmI) is a concept which is attracting widespread attention around the world (see for example [1, 2, 3, 4] ). AmI has been defined as: A digital environment that proactively, but sensibly, assists people in their daily lives [5] . The most frequent application of this concept is through the use of smart homes to increase independence of life and lifestyle improvement. Little attention has been given to the opportunities this paradigm offers to education although there are some few interesting developments around the world. The purpose of this paper is to provide a literature survey analysis of these developments and an assessment of opportunities and consequences of AmI in education through smart classrooms.
Ambient Intelligence is described in Section 2 Some of the current approaches to use AmI for teaching and learning in higher education is then described in Section 3. These different approaches will be contrasted with each other and that will provide elements of reflection (Section 4). How this technology can benefit the teaching and learning experience is reflected upon in the conclusion and some implications that have to be dealt with for a successful deployment are considered.
AMBIENT INTELLIGENCE
This section provides the context to better appreciate the main sections ahead (Sections 3 and 4). Included in a discussion on the relevance of this type of technology and how Computer Science is embracing it. Also provided is a basic explanation on how Ambient Intelligence works. I then highlight applications of the AmI paradigm to provide the reader a wider range of AmI applications so that they can be contrasted against the core concept of this article: Smart Classrooms
Historical and Technological Development of the area within Computer Science
Computer Science is a very new branch of science (if compared to other more established fields) and as such it has gone through rapid and yet important transformations during the first decades of its existence. Those transformations have produced a very interesting mix of available technology, experiences, and expectations which are making possible the creation and deployment of technology to ultimately improve the way our environments help us. This technical possibility is being explored in an area called Ambient Intelligence. Within this section I aim to provide an explanation about how Ambient Intelligence was created. It is not within the scope of these notes to give a full account of the history of Computer Science and Artificial Intelligence but instead to explain how it gradually came to be to understand why it could be the next evolutionary step for teaching.
A significant element in the development of AmI is the evolution of technology. Computers were initially very expensive as well as difficult to understand and use. Each computer was a rare and precious resource. A single computer would typically be used by many individuals. In the next evolutionary step, many users no longer needed to take turns to use a computer as many were able to access it simultaneously. The PC revolution in the 80s changed the ratio to one user per computer. As industry progressed and costs reduced, one user often was able to access more than one computer. The type of computational resources that we have at our disposal today is dramatically more varied than a few decades ago. Access to multiple computers does not necessarily just mean owning either a PC or a laptop (Figure 1 ). The technological advances in miniaturization of microprocessors have made possible a significant development for Ambient Intelligence. Computing power is now embedded in many different objects like home appliances (e.g., washing machines, refrigerators, and microwave ovens), they travel with us outside the home (e.g., mobile phones and PDAs), and they help guide us to and from our home (e.g. cars and GPS navigation). Computing devices that require reduced power and that are tailored to accomplish very specific tasks, are gradually spreading through almost every level of our society. This widespread availability of resources forms the technological layer for the realization of Ambient Intelligence.
Having the necessary technology is not enough for an area of science to flourish. Previous experiences of people with computers over recent decades have created an interesting context where people's expectations of these systems are growing and their fear of using them has decreased. Concomitantly with this difference in the way society perceives technology, there is also a change in the way services are handled. An important example of this is the decentralization of health care and development of health and social care assistive technologies. For various reasons governments and health professionals are departing away from the hospital-centric health care system enabling this shift of care from the secondary care environment to primary care. Subsequently, there has been an effort to move away from the traditional concept of patients being admitted into hospitals rather to enable a more flexible system whereby people are cared for closer to home, within their communities. Smart homes are one such example of a technological development which facilitates this trend of bringing the health and social care system to the patient as opposed to bringing the patient into the health system. Developments, competencies and drivers are converging at the same time in history and all of the necessary components are in place; that is the need to distribute technology around us, the will to change the way our society interacts with technology, the available technological knowledge and all the elements needed to satisfy the demand.
Conceptual Development of the Idea within Computer Science
The idea of Ambient Intelligence is not new. Science fiction movies showed us doors that opened when someone approached or computers who were able to identify who they were talking to. "Smart Homes" were already mentioned in the 60's. They were advertised, for example, as capable of autonomously controlling the heating of the house. Now thermostats and movement sensors that control lighting are common place in universities and other buildings we regularly visit (e.g. shops). What it is now new is that we can seriously think as a reality many things we have seen in science fiction movies before and that the level of complexity of that achievement has increased significantly.
In recent decades, advances in Computer Science and electronics brought much closer to us a range of possible features which can be explored and can increase the level of autonomous semi-intelligent behaviour exhibited by systems like Smart Homes, so much so that new terms like "Ambient Intelligence" were created [6, 7] . The basic idea behind Ambient Intelligence is that by enriching an environment with technology (mainly sensors and devices interconnected through a network), a system can be built such that based on the realtime gathered information and accumulated historical data, decisions can be taken to benefit the users of that environment.
AmI is aligned with the concept of the disappearing computer: "The most profound technologies are those that disappear. They weave themselves into the fabric of everyday life until they are indistinguishable from it." [8] . Ambient Intelligence is more than the pervasive availability of resources and requires heavy participation of Artificial Intelligence in order to fulfil its goal (be proactive and sensible). Here Artificial Intelligence is used in a broad sense, encompassing areas like agent-based software and robotics. What matters is that AmI systems provide flexibility, adaptation, anticipation and a sensible interface in the interest of human beings. The system is supposed to use its intelligence to infer situations and user needs from the recorded activities, as if a passive human assistant were observing activities with the expectation to help when (and only if) required. On the other hand, a diversity of users may need or voluntarily seek direct interaction with the system to indicate preferences, needs, etc. Human-Computer Interaction (HCI) has been an important area of Computer Science since the inception of computing as an area of study. Today, with so many gadgets incorporating computing power of some sort, HCI continues to thrive as an important area. It can be seen therefore that AmI has a decisive relationship with many areas in Computer Science. The relevant areas are depicted in Figure  2 . Here we must add that whilst AmI nourishes from all those areas, it should not be confused with any of those in particular. Networks, sensors, interfaces, ubiquitous or pervasive computing and artificial intelligence are all relevant but none of them conceptually covers AmI. It is AmI which puts together all these resources to provide flexible and intelligent services to users acting in their environments. 
How AmI works
Ambient Intelligence is supported through the co-existence and interaction of heterogeneous elements. Software, hardware and networks are integrated to support humans. One example of architecture for an Intelligent Environment is highlighted in Figure 3 . Automation in an Intelligent Environment can be viewed as a cycle of a) perceiving the state of the environment, b) reasoning about that perception together with task goals and outcomes of possible actions, and c) acting upon the environment to change its current state.
Perception of the environment is a bottom-up process. Sensors monitor the environment using physical components and make information available through the communication layer. The database stores this information while other information components process the raw information into more useful knowledge (e.g., action models, patterns). New information and problems are then presented to the decision making algorithms. Action execution flows from the more abstract (logical) to the more concrete (physical) layers. The decision action is communicated to the services layers (information and communication) which record the action and communicates it to the physical components. The physical layer performs the action with the help of actuators or device controllers, thus changing the state of the world and triggering a new perception.
The information required by AmI algorithms is measured by sensors and collected using a sensor network. This sensor network is responsible for acquiring and distributing data needed by intelligent buildings, factories, homes, ships, and transportation systems. Given the huge amount of data collected from sensors and the importance their position and reliability have for the overall performance of the system, sensor networks need to be fast, easy to install and maintain, and autonomic. The result is a layer of the system that takes on some of the burden of intelligent reasoning, reducing the amount of reasoning needed at the higher reasoning levels.
This system architecture implements a paradigm which is well known in AI and has been explored in the last few decades: sense-think-act [9] . When this was proposed it was more closely related to research in robotics. Now in AmI this paradigm is exploited with a greater diversity of sensors, deployed in bigger numbers, in a diversity of environments and distributed in physically disparate locations. 
Some Current Systems
Possibly the most well-known realization of the concept of Ambient Intelligence are "Smart Homes" [10] . Several artefacts and items in a house can be enriched with sensors to gather information about their use and in some cases even to act independently without human intervention. Some examples of such devices are electro domestic appliances (e.g., cooker and fridge), household items (e.g., taps, bed and sofa) and temperature handling devices (e.g., air conditioning and radiators). Some of the most well-known Smart Homes systems are: MavHome [11] , the Essex iDorm [12] , and Domus Lab [13] . Industry-led projects include those developed by: Siemens [14] , Philips [15] , Microsoft [16] and Intel [17] . The latest reports on the use of Smart Homes for healthcare can be found at [18] .
Other applications include: a) Healthcare. Hospitals can increase the efficiency of their services by monitoring patients' health and progress by performing automatic analysis of activities in their rooms. They can also increase safety by, for example, only allowing authorized personnel and patients to have access to specific areas and devices, b) Transportation. Public transport can benefit from advanced technology including satellite services, GPS-based spatial location, vehicle identification, image processing and other technologies to make transport more fluent and hence more efficient and safer, c) Disaster Management. Safety-related services like fire brigades can improve the reaction to a hazard by locating the place more efficiently and also by preparing the way to reach the place in connection with street services. The reader is referred to [3] for a deeper coverage of these potential applications. The most relevant deployment of AmI for us here is Education and that is the focus of the next section.
USES OF AMI IN HIGHER EDUCATION
This section briefly describes some of the most prominent developments around the world supporting teaching and learning through technology deployed as a Smart Classroom. The last subsection is more closely related with technologies that allow the students and teachers to access material remotely, emphasizing mobility.
The Classroom 2000 Project
This project was developed at the Georgia Institute of Technology and lasted during the period 1995-2000 [19] . One of the aims of the project was to facilitate content to lecturers and students by capturing lectures which could be used a posteriori but without disturbing the normal classroom development. This process implies four major steps for each lecture:
1. Preproduction. The teacher prepares everything in the classroom so that the storage of the meaningful events can be achieved.
2. Live capture. Once a lecture begins, relevant activities are time stamped. The slides, the audio and video recorded, the URLs visited with a Web browser, the interactions with a tool demonstrated during the lecture are identified and suitably labelled to facilitate post-processing.
3. Postproduction. The whole purpose of defining and capturing streams is to support the development of interfaces that integrate or associate related streams of activity recorded during the lecture.
4. Access. The final phase when the students accesses some record of the live experience. The physical interfaces used by the students at this stage can be very different from those used during live capture. Typically this will be through the Web.
Some students had handheld tablet computers that allowed them to use software compatible with that one used by the teacher to show the slides in the electronic whiteboard. Students could write notes in the slides as they are presented and after the lecture those documents could be converted into HTML format and published on the web. The findings can be summarized as follows:
• exam performance was not affected;
• the quantity of note taking differed drastically;
• students expressed a strong preference for captured notes;
• attendance was not affected. The cost of equipment and installation of this environment was around $15000.
The Smart Classroom at Tsinghua University
The smart classroom reported in [20, 21] uses an interactive "whiteboard", and allows lecturers to write notes on the board with a digital pen, edit the text, make drawings and other tasks which resembles traditional hand writing.
Another digital "whiteboard" has various items which are related to the class, for example, a virtual assistant and the list of students logged in during the class. The equipment includes video cameras that can recognize a set of gestures and motions, and microphones to capture speech. All these elements can be used to bring up information or focus attention in the room on appropriate displays and material.
The virtual assistant has some limited natural language recognition capabilities that makes some tasks easier. It can translate relevant actions of distant students into uttered sentences, for example to alert that a new student has entered the virtual room. It can also take some basic orders and answers in spoken mode.
An array of cameras is used to understand specific situations and adapt the service to that context. If the teacher is writing in a whiteboard then it zooms in on it but if he or she is talking to the classroom then it zooms out to capture a larger view of the classroom and possible interaction.
Software is based on a multi-agent system where each agent has its own goals but is also able to cooperate with others to achieve other more complex goals. The system can be used for face-to-face education or for distance education. The lecture, recorded as hypermedia courseware, is available for playback after class.
The Intelligent Classroom at Northwestern University
The intelligent classroom at Northwestern University employs many of these same devices as the one at Tsinghua University, and also uses the captured information to infer speaker intent [22, 23] . From the inferred intent the room can control light settings, play videos, and display slides. In none of these cases is explicit programming of the Ambient Intelligence system necessary -natural actions of the inhabitants elicit appropriate responses from the environment.
The system is based on the idea of a competent assistant, which is software that will continuously try to discern what the activities are and will assist the lecturer to achieve a task.
The lecturer can initiate and use a slide presentation guided by voice. If she/he needs to write something on the whiteboard to complement the slides or to answer a query from a student then the cameras follow the lecturer when walking to the whiteboard and another one will zoom in on the writing. Lights are adjusted accordingly during different activities.
The JAPELAS and TANGO Systems
JAPELAS (JApanese Polite Expressions Learning Assisting System) and TANGO (Tag Added learning Objects) are two context-aware systems developed at the University of Tokushima, Japan [24] .
JAPELAS provides information on cultural knowledge to a learner based on the context A student will receive, on a PDA, guidance on possible ways to address the person to whom they interact with so as to follow the cultural protocols for formal or informal communication.
TANGO is used to teach students in high school about objects which are atypical by adding to them tags and by providing students with tag readers. When a question is prompted to the student using the PDA they have to approach the object so that the tag reader can recognize it. They continue the game until they have completed the challenges provided through the PDA.
Pervasive and Mobile Computing at European Universities
The University of Nottingham has introduced a phone assisted classroom interaction system by which students can give feedback to the teacher [25] . Students can use a phone that can send SMS through a Nokia PC-Suite. Changes in a folder are monitored and at particular stages displays results.
All those participating put phone number of the host phone in their "contacts". They set the phones (and the host) to silent mode and to reject incoming calls. On average, messages are sent with four key presses. Students seemed not to be worried about the cost per message. The system can be also made free by using a receiver pays number which forwards to the host phone. Different levels of privacy can be considered here: Should the feedback screen be seen by everybody or just the lecturer? Should phones be pre-registered with School at reception to eliminate N messages and malicious interference?.
Several Universities in Germany are involved in a program called Notebook University which fosters mobility of services facilitating their access to students and staff [26] . Students and teachers can then relate in more ways at different times and places and implement traditional meetings assisted with technology (e.g., using mobile phones and laptops connected to a wireless network to answer anonymously in revision classes) [27] .
Other Projects in Europe related to mobile computing for education include:
• Eriksson -From e-learning to m-learning supported by the Leonardo Da Vinci Programme of the European Union [28] ; • m-learning project -a pan-European research and development programme supported by the European Commission's Information Society Technologies programme within the 5th framework (mobile phone) [29] ; • European m-learning Forum under the umbrella of PJB Associates [30] .
In particular, the University of Rostock in Germany is developing a specific program to support the idea of pervasive learning which is more related to the notion of Smart Classroom, that is, ICT proactively helping with the learning process as opposed to the mere replication of equipment and information [31] . The work at the University of Rostock is aiming to facilitate of the learning process. For example, if a user wants to learn about pipeline in processors then the system will aim to perform the following steps: a) search for the available materials, documents and manuscripts, b) if not enough material is available at the local repository, search on the web, c) sort the material and prioritize the document (if necessary combine the documents into one, d) generate a list of recommended documents, and e) recommend action depending on the outcome of the above process, for example "Please read the first three documents", "Have a look at the simulation X", "Have a look at the animation Y" or "See benchmark Z". The user will then have the option to print the recommended documents and/or look at the animation or simulation.
ANALYSIS
Given the success of the sense-think-act paradigm and recent developments like Ambient Intelligence, a diversity of interesting application areas for these paradigms is starting to be explored. This article provides a summary of an assessment of this development in relation to education. The evaluation was guided by the term "Smart Classroom" and focused on what it is available through normal search engines in the web and emphasis was placed on what Pishva and Nishantha call in [32] single classroom architecture. That is, the focal point of the architecture is on one single room. Some of the systems reported also have to do with what they call scattered classroom architecture where some of the students benefitting from the class are physically outside the classroom (e.g., they are at home or at work). But although distant learning is compatible with the notion of Smart Classrooms, and indeed they are often coupled, it is not the focus of the analysis presented here.
One important dimension of the survey was concerned with finding out how the technology in various other areas of application of AmI related to the one used in Smart Classrooms. Table 1 , adapted from [33] , shows a diversity of sensing and actuating devices, mainly used in Smart Homes projects. When assessing the technology being considered for the support of teaching and learning with Smart Classrooms, things are quite different. The most frequent references found in the internet refer to companies offering educational organizations the acquisition of 'smart boards'. References in the literature to Smart Classrooms usually refer to the use of 'smart boards' allowing remote interaction, for example for distance learning. There is a tendency to use the word 'smart' as 'enhanced', whilst the emphasis of this article is on how classroom can be smart in the sense related to 'intelligent'. That is, those that are related to the test provided by the definition: 'A digital environment that proactively, but sensibly, assists people in their daily lives', given in Section 1.
The reports described in the previous section shows that simple technology is being used like iButtons [34] and RFID tags/readers [35] which can provide assistance on keeping track of attendance, participation and location of each student. such PDAs are also being used to enable students to receive information and also to provide answers individually or collectively. The most complex level of technology enriched environments for Teaching and Learning reported in the literature include: (a) electronic boards where teachers and students can interact using tablet PCs and (b) intelligent video tracking/zooming and sound processing for distant learning. Table 2 summarizes the technology used in the projects described in Section 3.
Properties Measurand
Physical properties pressure, temperature, humidity, flow Another important dimension of the survey included answering the question: "What have been the main benefits of the technology currently deployed?" A summary of the contributions provided by the systems listed in the previous section follows:
• facilitates sharing of material and annotations (both in real-time and offline);
• facilitates teaching tasks (e.g. slides by voice);
• enhances connectivity for distance learning (e.g. zooming to written explanations or to speakers);
• supports cooperative work (e.g. real-time brainstorming in whiteboard);
• enables learning by experience (e.g. as in Japelas supporting learning of social concepts or new objects);
• provides advice on alternative pedagogical material (e.g., like in Rostock);
• allows and encourages out of classroom hours learning (e.g., as in the m-learning framework).
These are mainly technological evolutions which improve the situation and provide to some extent an extra capability to a system to support teaching and learning, mainly within the classroom but also after class hours, in such a way that the typical activities of students and tutors are made easier. All these systems have been built as ad hoc implementations, that is, they do not take advantage of existing generic platforms that can facilitate such developments, they are all "in house" products designed to help a particular situation at a particular institution.
Privacy issues are also relevant here. Do students trust the privacy levels of a system that to help them demands to know more from them, to access to their notes and requires a more open connectivity with peers and tutors? In the end probably it will be a matter of providing choices and those who think the benefits will outweigh the problems will embrace the new options. Smart classrooms are a fertile area with a great potential but are largely yet to be explored.
Finally, a third and important question behind this survey was "What options beyond current practice can we envision to support Teaching and Learning by using a Smart Classroom environment?" The following is a partial list of options that can be explored:
• detecting underperforming (passive and/or with poor performance) students (or groups of students) and advising on how to support them better; • profiling students according to their activity (answers they provide, resources they use) to tailor material to their preferred options; • learning teaching preferences and content delivery used in the past by the lecturer to anticipate the need for material to be available before and after a class; • identifying students automatically;
• enriching feedback on the student's activities;
• sensible issuing reminders and advice with respect to their current activities as opposed to the desirable activities given the goals set up by each student; • advising students on what documents should they be reading given their performance and targets.
Smart Classrooms have a great potential to support teaching and learning in Higher Education and is waiting to be developed. Some developments have been already started in the US, Europe and Asia but many more are waiting to be implemented. The UK is not leading these developments although it has the potential to do it.
CONCLUSIONS
Ambient Intelligence combines several important areas of computing which are connected through new technology available. It allows developments which change the way system help us or can potentially help us in our daily life. This article attempts to bring to the community of professionals working in Higher Education the basic principles of Ambient Intelligence can be also applied to support teaching and learning, for example through the implementation of "Smart Classrooms". To facilitate the understanding of the potential of Smart Classrooms, and its consequences, the history and main features of AmI systems have been explained.
A number of Smart Classroom projects which are well known worldwide have been described. This was useful to offer a glimpse on the state of the art, the type of technological infrastructure that is currently being used and the use that people in academia make of that infrastructure. This analysis showed that there are few current uses of Smart Classrooms and that most of them focus on activities of facilitating information post lecture, helping with the delivery of material during the lecture and on facilitating interaction with distance learning students.
The current offering of innovation through Smart Classroom is interesting and promising. This article argues that more can be done and a list of potential new uses is provided. All these current and potential uses of Smart Classrooms also bring interesting issues of privacy, pedagogy, and personalization to mention a few, which have to be investigated with equal attention to the technological side of it. Although the field is only starting to emerge as a possibility there is evidence in the projects presented in this article that there are interesting benefits for its adoption and that it may well be the next step in the natural evolution of ICT-support teaching and learning.
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